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Studies of the hydrodynamic evolution of the dense baryonic matter produced in
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Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
We use the relativistic perfect-fluid hydrodynamics to describe the space-time evolution of dense
baryonic matter produced in the central nucleus-nucleus collisions at HIRFL-CSR, HIAF, FAIR-
CBM, NICA-MPD, and RHIC-BES. The transverse flow of the fireball with cylindrical symmetry
and boost invariant along the longitudinal direction is also analyzed. Based on the relativistic kinetic
theory, we also present the first preliminary calculation on the production of low-mass dileptons and
low-pT photons can be considered as the probes of the dense baryonic matter produced in the central
Au-Au and U-U collisions. We find that the rapid cooling of the expanding dense baryonic matter
with transverse flow effect can lead to the suppression of the low-mass dileptons and low-pT photons
production at HIRFL-CSR, HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES energies.
High energy heavy-ion collision experiments at rela-
tivistic energies can create extreme states of strongly in-
teracting matter and enable their investigation in the lab-
oratory. Experiments at Large Hadron Collider (LHC)
and top Relativistic Heavy Ion Collider (RHIC) ener-
gies can explore the quantum chromodynamics (QCD)
phase diagram in the transition region between quark
matter and hadron gas at very small baryon chemical
potentials, where hot medium matter is produced with
almost equal numbers of particles and antiparticles. In-
deed, many phenomenological models also predict that
a strong first-order phase transition may occur in com-
pressed baryon-rich matter at lower energies[1–9], and
the purely quark-qluon plasma with zero baryonic chem-
ical potential could be created at high energies (
√
sNN ≥
13GeV)[10]. Presumably, such dense baryonic matter is
created at lower energies (
√
sNN < 10GeV) in the cen-
tral U-U collisions with beam energies Elab = 0.4AGeV
(
√
sNN = 2.07GeV) at the Cooling Storage Rrings
(CSR) at the Heavy Ion Research Facility in Lanzhou
(HIRFL)[11], the central U-U collisions with beam ener-
gies Elab = 1.0AGeV (
√
sNN = 2.32GeV) at High In-
tensity Heavy Ion Accelerator Facility (HIAF)[12], the
central Au-Au collisions (
√
sNN = 2.7 − 4.9GeV) of
Compressed Baryonic Matter (CBM) experiment at Fa-
cility for Antiproton and Ion Research (FAIR)[13, 14],
the central Au-Au collisions (
√
sNN < 10GeV) of Multi-
Purpose Detector (MPD) experiment at Nuclotron-based
Ion Collider fAcility (NICA)[15], and the central Au-
Au collisions (
√
sNN = 7.7GeV) of the Beam Energy
Scan (BES) program at Relativistic Heavy Ion Collider
(RHIC)[16, 17]. Especially for the center-of-mass ener-
gies
√
sNN ≤ 5GeV, the dense baryonic matter is domi-
nated by the incoming nucleons[18, 19].
In the present work, we use the relativistic perfect-
fluid hydrodynamics to describe the space-time evolu-
tion of dense baryonic matter produced in the cen-
tral nucleus-nucleus collisions at HIRFL-CSR, HIAF,
FAIR-CBM, NICA-MPD, and RHIC-BES. In relativis-
tic heavy-ion collisions, the relativistic hydrodynamical
equations describe the collective properties of dense bary-
onic matter. The Bjorken solution[20] provides an esti-
mate of the (1+1)-dimensional longitudinal expansion of
the fireball in the context of the Landau hydrodynamic
model[21, 22], but with a different initial boundary con-
dition. The transverse-flow effects have been studied by
relativistic perfect hydrodynamics that assumes cylindri-
cal symmetry along the transverse direction and boost in-
variant along the longitudinal direction[23–32], as well as
described by the relativistic simple wave of Riemann irre-
spective of the initial conditions[33–35]. After the initial
proper time τi and initial temperature Ti, the dense bary-
onic matter is regarded as thermalized. The fireball tem-
perature T (τ, r) is given as a function of proper time τ
and radial distance r by the calculation of the transverse-
flow. Moreover, we also present the first preliminary
calculation on the production of low-mass dileptons and
low-pT photons from the pion-pion interaction in dense
baryonic matter produced in the central Au-Au and U-U
collisions. We find the suppression of the transverse-flow
effects for the low-mass dileptons and low-pT photons
production from the dense baryonic matter is also appar-
ent at lower energies at HIRFL-CSR, HIAF, FAIR-CBM,
NICA-MPD, and RHIC-BES.
In the case of the central nucleus-nucleus collisions
at HIRFL-CSR, HIAF, FAIR-CBM, NICA-MPD, and
RHIC-BES, we shall assume that the dense baryonic mat-
ter with low temperature and high baryon density pro-
duced at low energies can be treated as a perfect-fluid,
and the freeze-out is performed while the energy density
of the fireball drops below ρ0 ≈ 0.16GeV/fm3. In the
relativistic perfect-fluid hydrodynamics model the grand
canonical ensemble partition function contains all rele-
vant degrees of freedom of the dense baryonic matter and
and implicitly includes interactions that result in fireball
formation. The logarithm of the grand canonical ensem-
ble partition function of baryons and mesons with mass,
chemical potential, and degeneracy factor in the large
2volume limit of the dense baryonic matter (BM) pro-
duced in the central nucleus-nucleus collisions at HIRFL-
CSR, HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES
can be written as[36, 37]
T lnZ(T, µ, V )
∣∣∣∣
BM
=T lnZ(T, µ, V )
∣∣∣∣
N
+T lnZ(T, µ, V )
∣∣∣∣
M
=
gNV
6π2
∫ ∞
0
dkk4
(k2+M2)1/2
1
exp{[(k2+M2)1/2−µB]/T }+1
+
gmV
6π2
∫ ∞
0
dkk4
(k2 +m2)1/2
1
exp[(k2 +m2)1/2/T ]− 1 , (1)
where gN = 4 is the degeneracy factor of the baryon, and
gm = 3 is the degeneracy factor of the meson.
The Fermi-Dirac distribution function of baryons and
Bose-Einstein distribution function of mesons in the
dense baryonic matter are given by
fB(E, T, µB) =
1
exp{[(k2 +M2)1/2 − µB]/T }+ 1 ,
fm(E, T ) =
1
exp[(k2 +m2)1/2/T ]− 1 , (2)
where µB is the energy dependence of the baryon chem-
ical potential[38–41].
The entropy density, number density, energy density,
and pressure associated with these distributions in the
dense baryonic matter can be expressed as
s =
3gNM
2T
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∞∑
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T
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where Kν(x) is the modified Bessel function.
Then the perfect-fluid hydrodynamics equations of the
motion for the dense baryonic matter produced in the
central nucleus-nucleus collisions at HIRFL-CSR, HIAF,
FAIR-CBM, NICA-MPD, and RHIC-BES energies can
be written as
∂µT
µν = 0, (7)
where the energy-momentum tensor is given by
T µν = (ǫ + P )uµuν − gµνP, (8)
where ǫ is the energy density, P is the pressure, and uµ
is the four-velocity of the collective flow,
uµ = (γ, γv), (9)
where γ = (1− v2)−1/2, gµν = diag(1,−1,−1,−1) is the
metric tensor, and the space-time coordinate denoted by
xµ = (t, r). We neglect the viscous drag of fireball, and
thus the expansion is isentropic, which leads to
∂µs
µ = 0, sµ = suµ, (10)
∂µJ
µ = 0, Jµ = nuµ, (11)
where s and n are the entropy density and number den-
sity of the fireball, respectively.
For the (1+1)-dimensional Bjorken longitudinal expan-
sion of the dense baryonic matter, the dynamics evolution
equation for the fireball is given by
∂ǫ
∂τ
+
ǫ+ P
τ
= 0, (12)
then the time evolution for the temperature of the dense
baryonic matter can be written as
T (τ) = T (τi)
(
M − µB(τ)
M − µB(τi)
)2 (τi
τ
)(1+c2
s
)/3
, (13)
if the baryonic chemical potential is a constant, µB(τ) ≈
µB(τi) ≈ Constant, then
T (τ) = T (τi)
(τi
τ
)(1+c2
s
)/3
, (14)
where M is the mass of nucleon, and c2s = 0.05− 0.15 is
the speed of sound.
Moreover, in the perfect-fluid with cylindrical symme-
try along the transverse direction and boost invariant
along the longitudinal direction together with the fluid
3TABLE I. The initial conditions of the perfect-fluid hydrodynamical expansion for the dense baryonic matter produced at low
energy central nucleus-nucleus collisions (
√
sNN < 10GeV) at HIRFL-CSR, HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES.
center-of-mass energy µB(MeV) Ti(MeV) τi(fm/c) ǫi(GeV/fm
3) dN/dy
HIRFL-CSR,
√
sNN = 2.07GeV 836 43.2 1.2 0.3383 400
HIAF,
√
sNN = 2.32GeV 800 54.9 1.2 0.3797 291
FAIR-CBM,
√
sNN = 2.7GeV 740 54.5 1.2 0.3704 282
FAIR-CBM,
√
sNN = 4.9GeV 548 143.6 0.46 0.6722 34
NICA-MPD,
√
sNN = 4.0GeV 625 107.2 0.613 0.5487 55
NICA-MPD,
√
sNN = 7.0GeV 450 149.4 0.44 0.9603 23
RHIC-BES,
√
sNN = 7.7GeV 422 186.2 0.35 1.0563 21
velocity vector satisfying the constraint uµu
µ = 1, re-
quires that the fluid four-velocity for cylindrical symme-
try be of the form[24]
uµ = γr(τ, r)(t/τ, vr(τ, r), z/τ), (15)
where we have used
γr(τ, r) = [1− v2r(τ, r)]−1/2, (16)
τ = (t2 − z2)1/2, (17)
y =
1
2
ln
t+ z
t− z , (18)
then Lorentz-scalar quantities such as the entropy den-
sity, number density, energy density, pressure, and radial
velocity vr(τ, r) are functions only of τ and r, with no
dependence upon the space-time rapidity y.
Then the perfect-fluid hydrodynamic equations of
motion of the dense baryonic matter for the (3+1)-
dimensional expansion with cylindrical symmetry along
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FIG. 1. The low-maa dileptons yield for the radial velocity
vr(τ, r) = 0 in the dense baryonic matter at HIRFL-CSR,
HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES energies.
the transverse direction and boost invariance along the
longitudinal direction can be expressed as
∂ǫ
∂τ
+
(ǫ + P )
τ
+ (ǫ + P )
∂vr(τ, r)
∂r
+(ǫ+ P )
[
vr(τ, r)
∂ ln γr(τ, r)
∂r
+
∂ ln γr(τ, r)
∂τ
]
= 0, (19)
where the radial velocity is given by[42–46]
vr(τ, r) =
2q2rτ
1 + (qτ)2 + (qr)2
, (20)
where the free parameter q with energy dimensions is
allowed one to specify a scale which is related to the
transverse size of the fireball q = R−1. In the case of
vr(τ, r) = 0, the (1+1)-dimensional Bjorken equation of
the dense baryonic matter is recovered.
Then the time evolution for the temperature of the
dense baryonic matter with the transverse-flow effects
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FIG. 2. The low-mass dileptons yield for the radial velocity
vr(τ, r) 6= 0 in the dense baryonic matter at HIRFL-CSR,
HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES energies.
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FIG. 3. The low-pT photons yield for the radial velocity
vr(τ, r) = 0 in the dense baryonic matter at HIRFL-CSR,
HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES energies.
can be written as
T (τ, r)=T (τi, r)
[
M−µB(τ)
M−µB(τi)
]2[
τi(q
−2+r2+τ2i )
τ(q−2+r2+τ2)
](1+c2
s
)/3
,
(21)
if the baryonic chemical potential is a constant, µB(τ) ≈
µB(τi) ≈ Constant, then
T (τ, r) = T (τi, r)
[
τi(q
−2 + r2 + τ2i )
τ(q−2 + r2 + τ2)
](1+c2
s
)/3
, (22)
where M is the mass of nucleon, and c2s is the speed of
sound.
The initial conditions of the perfect-fluid hydrody-
namical expansion for the dense baryonic matter pro-
duced at low energy central nucleus-nucleus collisions
(
√
sNN < 10GeV) at HIRFL-CSR, HIAF, FAIR-CBM,
NICA-MPD, and RHIC-BES are presented in Table I.
The initial conditions of the transverse expansion for
(3+1)-dimensional perfect-fluid hydrodynamics are also
chosen such that the radial velocity vr(τi, r) = 0 along
with a given initial temperature T (τi, r) = Ti within the
transverse radius[29].
Moreover, we also present the first preliminary calcula-
tion on the production of low-mass dileptons and low-pT
photons from the pion-pion interaction in dense baryonic
matter produced in the central Au-Au and U-U collisions.
In the central nucleus-nucleus collisions, the yield of low-
mass dileptons produced by ππ → V → ℓ+ℓ− processes
in the dense baryonic matter can be written as
dNππ→ℓ+ℓ−
dM2d4x
=
σˆ(M)
2(2π)4
M2
(
1− 4M
2
π
M2
)1/2
TMK1
(
M
T
)
, (23)
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FIG. 4. The low-pT photons yield for the radial velocity
vr(τ, r) 6= 0 in the dense baryonic matter at HIRFL-CSR,
HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES energies.
where the cross section of ππ → V → ℓ+ℓ− processes is
given by
σˆ(M)=
4π
3
α2
M2
(
1− 4m
2
π
M2
)1/2(
1− 4m
2
ℓ
M2
)1/2(
1+
2m2ℓ
M2
)1/2
|Fπ(mV )|2,
(24)
where the form factor can be expressed as[47, 48]
|Fπ(mV )|2 = m
4
V
(M2 −m2V )2 − ΓVm2V
, (25)
where M is the invariant mass of the dileptons. Indeed,
the yield of the low-pT photons produced by ππ → γγ
processes in dense baryonic matter can be written as
E
dN
d3pd4x
(ππ→γγ) = π
3α2
(2π)5
fπ(p)
[
ln
ET
m2π
+ 0.938
]
,(26)
where fπ(p) is the Bose-Einstein distribution function of
pions in the dense baryonic matter.
In our analysis, we assume that the space-time evolu-
tion of dense baryonic matter produced in the low en-
ergy central nucleus-nucleus collisions at HIRFL-CSR,
HIAF, FAIR-CBM, NICA-MPD, and RHIC-BES can be
described by the relativistic perfect-fluid hydrodynamic.
If there is only a longitudinal expansion of dense baryonic
matter, it is the well-known Bjorken expansion. How-
ever the transverse-flow effects with cylindrical symme-
try along the transverse direction and boost invariant
along the longitudinal direction can also not be negligi-
ble. The reasonable values of the initial conditions such
as the baryonic chemical potential, initial time, initial
temperature, initial energy density, and rapidity distri-
bution as shown in Table I can be obtained. we also
5present the first preliminary calculation on the produc-
tion of low-mass dileptons and low-pT photons that can
be considered as the signals of the dense baryonic matter
for the case of radial velocity vr(τi, r) = 0 are plotted
in Fig. 1 and Fig. 3, and the case of radial velocity
vr(τi, r) 6= 0 are plotted in Fig. 2 and Fig. 4. We find
that the suppression of the low-mass dileptons and low-
pT photons production from the transverse flow effect can
not be negligible.
In summary, we have studied the space-time evolu-
tion of dense baryonic matter by the relativistic perfect-
fluid hydrodynamics in the low energy central nucleus-
nucleus collisions at HIRFL-CSR, HIAF, FAIR-CBM,
NICA-MPD, and RHIC-BES. The transverse-flow effects
of the fireball with cylindrical symmetry along the trans-
verse direction and boost invariant along the longitudinal
direction is also considered. We also present the first pre-
liminary calculation on the low-mass dileptons and low-
pT photons yield that is suppressed by the transverse-flow
effects (3+1)-dimensional hydrodynamical expansion for
the dense baryonic matter at HIRFL-CSR, HIAF, FAIR-
CBM, NICA-MPD, and RHIC-BES energies.
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